SUMMARY: A single exposure of mice to cadmium resulted in suppression of the induction of primary delayed-type hypersensitivity (DTH) responses as well as memory T-cell and suppressor T-cell activities, augmenting and inhibiting DTH respectively. Furthermore, cadmium suppressed the expression of already established DTH, in immune mice, even though DTH-effector T cells in the spleen of immune mice were not affected by cadmium injeciton. Such suppressive effects were demonstrated when cadmium was administered within 2 days before immuniza tion or elicitation for DTH. Cadmium caused also within 2 days in mice thymic involution and splenomegaly.
INTRODUCTION
Cadmium (Cd), an environmental contaminant, has in animals acute and chronic physiological effects (Christensen and Olsen, 1957; Flick, Kraybill and Dimitroff, 1971) . The pollutant has been demonstrated to be favorable to infectious agents in animals (Koller, 1973; Exon, Koller and Kerkvliet, 1979) , suggesting that it modulates the immune system of the host. In antibody responses, it was reported that prolonged exposure to Cd resulted in reduced antibody synthesis to various antigenic stimulation (Koller, 1973; Koller, Exon and Roan, 1975) . Furthermore, studies by Jones, williams and Jones (1971) demonstrated that a single dose of Cd altered circulating antibody titers depending upon the time of antigen inoculation. More recently, it was also reported that antibody responses to an antigen decreased when Cd was given orally (Koller, Exon and Roan, 1976) but increased when injected intraperitoneally (Koller et al., 1976; Suzuki et al., 1981) . On the other hand, little is understood about acute and chronic effects of Cd on cell-mediated immunity. KOJIMA et TAMURA Vol. 34 The purpose of the present study is to see the acute effects of Cd on T-cellmediated immunity, delayed-type hypersensitivity (DTH), against ovalbumin (OA) in mice, on which effects of chronic low-level exposure to Cd on T-cell responses may be discussed. In the experiments, DTH-effector T-cell activity, and memory T-cell and suppressor T-cell activities augmenting and inhibiting DTH responses, respectively (Kojima, Tamura and Egashira, 1979a,b; Egashira, 1980, 1981) , were investigated in mice given a single dose of Cd which produced no overt decrease in body weight gains or no deaths in a 10-week period.
MATERIALS AND METHODS
Mice: Female (C57BL/6XDBA/2) F1 mice were obtained from the Shizuoka Agricultural Cooperative Association for Laboratory Animals, Hamamatsu-shi, Japan. All mice were 12-16 weeks of age when the experiments were initiated.
Antigens: Ovalbumin (OA) recrystallized five times was purchased from Seikagaku Kogyo Co., Ltd., Tokyo. Reduced and alkylated OA (RA-OA) was prepared by reducing OA with 0.05 M 2-mercaptoethanol in 8 M urea at room temperature overnight and then alkylating it with 0.1 M iodoacetamide at 4 C for 1 hr (Kojima et al., 1979b) . OA and RA-OA, dissolved in 0.1 M Tris-HC1 buffer (pH 8.0), were purified by gel filtration through a Sephadex G-100 column. The purified OA and RA-OA were dialyzed against borate-buffered saline (pH 8.0) and used in the experiments.
Cadmium administration: Groups containing 5 or 10 mice were injected intraperitoneally a single dose of 0.75 mg/kg or 6 mg/kg of cadmium chloride (Cd) in 0.9% NaCI. Control mice were given 0.9% NaCI.
Sensitization: For the induction of a DTH response against OA, mice were immunized subcutaneously with 10 pg of OA absorbed by 100 pg of aluminium hydroxyde gel (alum). The memory T-cell activity for DTH against OA, which was manifested by the acceleration of the DTH response (Kojima et al., 1979a) was induced in mice by priming subcutaneously with 1 pg of RA-OA 7 days before immunization with OA in alum. It was determined on Day 4 after immunization (Tamura et al., 1981) . For the induction of the suppressor T-cell activity, mice were primed intravenously with 500 pg of RA-OA. Primed mice were immunized 7 days later with OA in alum and their suppressive activity was determined on Day 7 after immunization (Kojima et al., 1979a; Tamura et al., 1980) . Assay for DTH: OA-specific DTH was elicited in mice by a challenge injection with 10 pg of OA absorbed by 20 pg of alum into the right-hind footpad (Kojima et al., 1979a) . As a control, 20 pg of alum was injected into the left-hind footpad. DTH was determined from the increase in footpad thickness 24 hr after the challenge injection and expressed in 0.01-mm units (Tamura yet al., 1973 
RESULTS

Suppression of Induction and Expression of DT'H by Cadmium
Effects of Cd doses on primary DTH and antibody responses were examined in the initial experiments. Groups of 15 mice were injected intraperitoneally with various doses (0.75-6.0 mg/kg) of Cd simultaneously with sc immunization with OA in alum. An additional group of 15 mice were given saline and then immunized with OA in alum as controls. Five mice from each group were tested for DTH against OA on Day 7 and for anti-OA antibody titers on Days 7 and 14. Table I demonstrates that neither DTH responses nor antibody titers in groups of mice given Cd simultaneously with immunization were sig- nificantly different from those of control mice. Effects of Cd administration in relation to the time of antigen injection were investigated in the following experiments. Mice were given intraperitoneally a single dose of 0.75 mg/kg or 6 mg/kg of Cd 1-7 days before or after immunization with OA in alum on Day 0. Control mice were given saline on Day 0. They were tested for DTH against OA on Day 7 and bled immediately to determine their anti-OA antibody titers (Fig. 1) . Cd administration within 2 days before immunization resulted in a significant (p<0.05) suppression of the induction of DTH; mice given 0.75 mg/kg of Cd on Day -1, or 6 mg/kg of Cd on Day -1 or Day -2 developed reduced DTH responses. On the other hand, mice given Cd earlier than 2 days before immunization, on Day -3 or Day -7, developed as high levels of DTH as those of control mice. Cd administration within 2 days after immunization had virtually no effect on the induction of DTH; mice developed slightly but not significantly enhanced DTH when injected with Cd on Day 2 after immunization. It was noted that Cd caused a highly significant (p<0.001) suppression in the expression of already established DTH; the DTH response was not elicited in immune mice given 6 mg/kg of Cd on Day 7 after immunization, that is, on the day of challenge injection for the elicitation of the DTH response. In contrast to DTH, anti-OA antibody titers were not affected at all regardless of the time of Cd injection. These results indicate that a single exposure to Cd caused selective suppression iv priming with 500 pg of RA-OA showed inhibition of the induction of the suppressor T-cell activity (Group III), although Cd administration 2 days after the priming had no effect on the induction of the suppressive activity (Group IV). Furthermore, carrier effect induced by priming with RA-OA for anti-OA production was also reduced in mice given Cd 2 days before the priming when assessed on Day 5 (Fig. 2) but not on Day 8 (Fig. 3) . These results suggest that Cd administration before antigen inhibited effectively the development of augmentative and suppressive T cells for DTH. (data not shown). In contrast, no appreciable DTH reactions were elicited in already immunized mice if Cd was administered to shortly before injection of DTH-eliciting antigen (Group I-B), as described above (Fig. 1) . These results indicate that a single exposure of mice to Cd failed to affect already sensitized DTH-effector T cells, even though it depressed the expression of already established DTH.
Change-in Weights o f Whole Body, Thymus, and Spleen
Effects of a single administration of Cd on whole body weights of mice were examined. Mice were injected intraperitoneally with 6 mg/kg or 0.75 mg/kg of Cd on Day 0 and weighed at different intervals. As shown in Fig. 4A, mice given 6 mg/kg of Cd grew without death nor decrease in their body weight in a 10-week period when examined every 10 or 20 days. Figure 4B shows, however, that a transient but reversible reduction in body weight was caused by Cd in the first week after its treatment. The acute loss in body weight was maximal on Day 1 in mice given 0.75 mg/kg of Cd and on Day 2 in mice given 6 mg/kg of Cd. Then the loss was restored rapidly.
Next, the thymuses and spleens were weighed after injection of 6 mg/kg of Cd. Figure 5 shows the results. The thymuses of mice given Cd decreased in weight rapidly and was lightest on Day 2. There was no restoration of the thymic involution by Day 7. In contrast, the spleen weight decreased slightly after Cd injection, increased on Day 1 and was greatest on Day 2. The splenomegaly persisted at least till Day 7. 
DISCUSSION
We investigated in this study the effects of a single exposure of mice to Cd on the DTH response, T-cell-mediated and monocyte-dependent immunity, against OA. The results presented here indicate that Cd administration suppressed the induction of certain populations of T lymphocytes mediating or modulating DTH responses; effector T cells responsible for DTH (Fig. 1) , memory T cells involved in augmentation of DTH (Fig. 2) , and suppressor T cells involved in suppression of DTH (Fig. 3) . Furthermore, the induction of helper T cells for antibody production seemed also to have been suppressed by Cd, because the carrier effect as a function of helper T cells in mice primed with RA-OA was low in Cd-exposed groups when assessed on Day 5 (Fig. 2) although it was as high in Cd-exposed groups as in control groups when assessed on Day 8 (Fig. 3) . This suggests that there is a delay in the induction of helper T cells. It was also reported that compared to IgM antibody synthesis, Cd had a much great effect on IgG antibody synthesis (Koller et al., 1975 (Koller et al., , 1976 which was more dependent on helper T cells than was the IgM response (Anderson, Dresser and Wortis, 1974) . Thus, the induction of functional T lymphocytes may be a primary target for Cd. As regards this point, Cd seems to be similar to lead, since it suppressed the induction of primary and secondary DTH responses (Mueller et al., 1977) , and the IgG response (Koller et al., 1976) against sheep red blood cells. A question arose whether Cd exposure would suppress also the expression of already established DTH in immune mice. The results presented here clearly show that this is true; no appreciable DTH response were elicited in previously immunized mice given Cd immediately before DTH-eliciting antigen (Fig. 1 , Table II) . Unexpectedly, however, DTHeffector cells derived from immune donors exposed to Cd were intact and able to elicit DTH, upon transfer, in normal recipient mice (Table II) . Thus, another probable target for Cd may be monocyte known to be involved in the expression of DTH (Crowle, 1975) . Another significant aspect of this study was that the immunosuppression by a single exposure to Cd was related to the time intervals between Cd treatment and antigenic stimulation. Both the induction and the expression of DTH were suppressed in mice only when Cd was injected within 2 days before immunization or elicitation (Fig. 1, Table II ). Earlier than 2 days before antigen injection, Cd had virtually no effects (Fig. 1) . Furthermore, DTH responses in mice given Cd after immunization were similar levels to those in control mice (Fig. 1) . Cd effect related to time was also the case for the induction of memory T cells and suppressor T cells; Cd administered 2 days before priming with RA-OA for their induction was suppressive but Cd administered 2 days after the priming was not (Figs. 2 and 3) . Since a brief exposure to Cd usually has short-term physiological effects, the suppression of T-cell responsiveness caused by Cd within 2 days before antigens may reflect indirectly its short-term effects or toxicity. As regards this point, within 2 days Cd caused in mice thymic involution and splenomegaly (Fig. 5 ) as well as a transient but reversible reduction in body weight (Fig. 4) . In addition, it has been shown that exposure to Cd results in not only splenomegaly (Stowe, Wilson and Goyer, 1972; Gainer, 1973) but also lower lymphocyte and higher neutrophil counts in blood (Stowe et al., 1972) . Therefore, Cd may affect the circulation of T lymphocytes or monocytes in animals and their responsiveness to antigen may be altered indirectly. Consistent with this possibility are the results that DTH-effector T cells were intact in the spleen of immune hosts exposed to Cd within 2 days before the elicitation of DTH reactions although the expression of the already established DTH in the hosts was almost completely suppressed by Cd (Table II) . Alternatively, the suppression of the expression of DTH might be explained as a result of diuresis, if Cd could be a diuretic like mercury, a well-known diuretic. DTH was estimated by the footpad swelling method which depends on edema formation, and the greatest suppression was observed during the period when the mice receiving Cd transiently lost and regained their body weight (Fig. 4) . If such weight loss resulted from diuresis by Cd, profound diuresis and dehydration might prevent the formation of edema in the mouse footpads.
We showed that brief exposure to Cd, an environmental contaminant, produces significant suppression in the induction and the expression of sensitized T lymphocytes in mice. These results add another feature to the role of environmental contaminants in public health, suggesting that they suppress not only the induction of T-cell immunity against infective agents, but also the expression of the immunity against subsequent challenges with parasites even though the resistance has already been established in the host by vaccination or natural infection. Although short-term effects of a single exposure to Cd were assessed in this study, continuous exposure to the metal would produce long-lasting effects on cell-mediated immunity as reported on humoral antibody responses after discontinuance of exposure (Koller et al., 1975) . Many of its acute and chronic effects, direct or indirect ones, require further investigation to see their significance on human health.
